Duplex Stainless Steels (DSSs) are widely used in the oil and gas industry. When the steel is subjected to a thermal gradient, as in welding may occur precipitation of intermetallic phases. Among these phases, there is the sigma phase, which even in small quantities reduces drastically the mechanical and corrosion resistance properties. According to some studies in the literature, the limit amount of sigma phase present in steel in welded joints must be in a maximum volume fraction of 2,5%. In search to improve the detection sensitivity of the sigma phase, this paper presents results obtained by Linear Sweep Voltammetry (LSV) in Duplex Stainless Steel UNS S31803 as a Nondestructive Testing (NDT) model. The innovation in the application of this test is to use a microcell-based system that allows a reduced area of analysis obtaining density of currents in the order of microamperes and in the use of selective electrolytes to the elements of the oxides present in the intermetallic phases. With the use of these systems and through the optimization of control parameters it was possible to detect very low amounts of deleterious phases such as the sigma and chi phases.
Introduction
The effect of deleterious phases on the mechanical and corrosion properties on the Duplex Stainless Steels (DSSs) is well known and studied by many researchers. [1] [2] [3] [4] [5] [6] These phases may be formed during hot rolling process, components operation at certain temperatures and welding, which constitute a broad application of DSSs. 7, 8 Therefore, not only the knowledge of the effect of the intermetallic phases on the DSSs properties is necessary. It is also important to monitor these properties along the time.
The Double Loop Electrochemical Potentiokinetic Reactivation (DL-EPR) test is known to be able to detect the presence of microstructural changes due to precipitation of intermetallic phases and the chromium carbides precipitation in grain contours with focus on the Degree of Sensitization (DOS). [9] [10] [11] [12] This technique employs cyanide solutions and may present limitations due to sensitivity to the minimum content detectable of deleterious phases whose common consensus is defined as between 1 and 2% while the minimum value detected by a DL-EPR field probe is 8 %. 13 Another important concern is the technique applicability in regions such as the Heat-Affected Zone (HAZ) in welding process, as the HAZ may presents small dimensions whereas the contact area commonly used in the DL-EPR technique is considerably larger, which could generate problems for applications of the technique to such approach.
Electrolytic etching based on hydroxides solutions are used for visual inspection mode and metallography analysis of intermetallic phases in the DSSs. This procedure presents, as main advantage, the possibility of a selective etching at different phases 14, 15 where applied anodic current acts as an oxidizing agent. As the film formed on the deleterious phases in DSSs is composed by oxides of its forming components (chromium and molybdenum), the application of anodic potential in hydroxide solution generates the selective dissolution of these oxides, thus ensuring the selectivity of the method. 14, 16 In a similar way, it is reported in the literature the use of microcells for the study of localized corrosion in metals and their alloys, the reduction of the area of analysis allows the comparison between microstructural characteristics and local electrochemical processes that could hardly be obtained in the study of global corrosion. 17, 18, 19 In addition, there is a gain in the quality of the signal obtained from the possibility of high rates of mass transport from the working electrode, reduction of capacitive currents and reduction of Ôhmic drop 20 . In this way, the present work innovates by consolidating the use of microcells and selective electrolytes for the development of a high sensitivity test methodology for detecting small amounts of deleterious phases (sigma and chi phases) presented in DSS UNS S31803 structure. This methodology is based on a known electrochemical technique consolidated in the literature (Linear Sweep Voltammetry, LSV). The use of the microcell allows the analysis of a local micrometric 
Materials and Methods
The tested material was a duplex stainless steel UNS S31803, which chemical composition was obtained by quantitative chemical analysis using different standard methods. This DSS was supplied in bar-shaped size of 27.5 cm x 10 cm x 0.5 cm and subjected to aging heat treatment at heating conditions shown in Table 1 . The selected temperature corresponds to that for the highest kinetics reactions for sigma phase precipitation.
The linear voltammetry test was performed in a cell of three electrodes with 10 mL electrolyte capacity. The working electrode were the UNS S3180, a Calomel Saturated Electrode (CSE) was used as reference electrode and a platinum wire as auxiliary. The test was performed at different dots samples with contact area of 0.0054 cm 2 . The attack that occurs on the mentioned area does not modify the structure of the material tested therefore been considered as a Nondestructive Testing (NDT).
Electrolytic solutions of KOH were used in different concentrations (0.3, 0.5, 1, 2 and 3 mol/L). Different scan rates were also employed being performed from -0.7 V to +0.7 V. The temperature was maintained at 25°C. To avoid the displacement of currents in the initial stage of the experiment, before each measurement of voltammetry, the samples were subjected to a conditioning time of 8 seconds at the potential of -0.7V. After each measurement the electrolyte and the electrode position was changed, allowing measurements in different sample locals. In each sample the measurements were performed in triplicates. The used experimental apparatus concept is shown in Figure 1 . The equipment used to perform linear voltammetry in this work was a Gamry potentiostat model Reference 600.
After the heat treatment, samples were taken to perform metallographic analysis. These samples were embedded in hot curing resin, sanded up to 1200 mesh and polished with alumina solution up to 0.25 micra. For the observation of the microstructure an electrolytic etching with a 10% KOH solution was carried out, subject to a voltage of 2V in direct current for 60 seconds. The observation of the images was performed in an OLYMPUS optical microscope, MODEL BX-51M, and the treatment of these images was done by analySIS 5.0 software. 
Results and Discussion

Microstructural Analysis
Many electrolytic etchings are found in the literature to selectively reveal the presence of deleterious phases in the structure of stainless steels. Among these, etchings alkaline solutions have the most prominence with reactive KOH being the most used and known to selectively reveal the sigma phase. 21 NaOH solutions have been considered by possibility of revealing the contour between the austenitic and ferritic phases (with a slight etching on the ferrite) as well as the possibility of distinguishing between sigma and chi phases using the correct choice of attack parameters. 22 Figure 2 shows the microstructures of UNS S31803 steel etching in KOH solution. The images were submitted to quantitative analysis following the recommendations of ASTM E1245-03, standard 23 . The results found are contained in Table 2 . The UNS S31803 steel microstructure for different heat treatment times were obtained by Scanning Electron Microscopy (SEM), in backscattered electron mode without etching and is shown in Figure 3 . From the sample 3 it is possible to observe the presence of precipitation of sigma and chi phases, the lighter phases being rich in elements of greater atomic number such as molybdenum. The chi phase is indicated by red arrows, while the sigma phase is indicated by white arrows. The chi phase precipitation precedes the sigma phase precipitation and subsequently the transformation of chi into sigma is reported and is therefore a metastable phase in DSSs. The incipient chi phase precipitation to the sigma phase is explained by the coherent interface between the chi phase (Body Centered Cubic) and the ferritic phase (also Body Centered Cubic) which present a low energy, favoring precipitation of chi before sigma whose structure is Tetragonal Body Centered.
In addition to the intermetallic phases, the presence of secondary austenite (γ 2 ) was also observed in Figure 3 . This phase is indicated by blue arrows and is derived from the eutectotide reaction: ferrite → sigma + secondary austenite (α → σ + γ 2 ).
Electrolytic etching employing hydroxide solution are known and used to reveal selectively the sigma phase as was done here. However, there is still doubt that only the sigma phase is revealed during this type of etching, since it is based in selective oxidation of alloy elements chromium and molybdenum, elements also present in other phases of DSSs.
Studies in the literature that take into account the comparison of the sigma phase fraction obtained by quantitative metallography and simulations via thermocalc and dictra sotwares lead to the conclusion that it may occur the overestimation of the fractions values obtained by metallography 24 . The microstructures obtained by SEM of samples 5 and 8, after electrolytic attack with 10% KOH, 2V for 60s, are shown in Figure 4 where in comparison with the images of Figure 3 it is possible to notice that the attack occurs severely both phases: sigma phase and the most refined structure, chi phase. Therefore, not only the sigma phase is being attacked, but also the chi and other intermetallic phases that are present, so that the percentage calculated by means of optical analysis, refers not only to sigma but to sigma + chi.
Linear Sweep Voltammetry in Potassium
Hydroxide solution
The potential of the linear voltammetry technique for the detection of intermetallic phases in DSS UNS S31803 has already been analyzed in a previous work 25 and the best parameters of analysis were the peak current density and its corresponding charge density, the latter being possible to correlate directly with the mechanical properties.
In order to find the optimized conditions for the control parameters, LSV technique was performed at different concentrations of KOH electrolyte. Some voltamograms for UNS S31803 steel in different heat treatment conditions in 0.3 mol / L KOH solution can be visualized in Figure 5 . In these voltammetry it was possible to note the presence of a peak, at approximately 0.2 V. However there is no way to assert with confidence about the phases that are providing the current density obtained in the voltammetry test, since the voltammetric profile obtained was the same for all conditions of heat treatment.
For the electrolyte concentration of 3 mol/L, as shown in Figure 6 , the voltammetric profile of samples 1 and 2 was the same as for lower concentrations such as 0.3 mol/L, with peak current density one order of magnitude higher in 0.07 V.
From sample 3 (10 minutes of heat treatment) where the precipitation of intermetallic phases begins, it is observed the modification in the voltammetric profile with the formation of three peaks, been the first in 0.045 V (10 min. of heat treatment), where the precipitation of intermetallic phases begins, the second at 0.075 and the third one at 0.15 V, as shown in Figure 7 .
Sample 4 also presents 3 peaks, at the same potential range (0.045, 0.07 and 0.15 V, respectively), being the first peak (in 0.045V) which presented higher current density. Similar behavior was observed for sample 6, however with the peak at 0.07V with higher current density.
The voltammograms obtained for samples 7 and 8 (30 and 60 min of heat treatment) are shown in Figure 8 . These voltammograms presented peaks at approximately 0.07 and 0.15 V, wherein the peak at 0.07 presented higher current density. However, the current peak at 0.045 was not observed, a temporary phenomenon indicating its relation with some metastable phase such as the chi phase, which is a metastable phase of DSSs 16 as well as the appearance of the third peak at 0.15 V should be related to sigma phase precipitation.
Effect of the electrolyte concentration on the charge density profile
A change was observed in the voltammetric profile obtained for the UNS S31803 steel occurred for the different concentrations of the reagent used, so this modification should be reflected in the charge density analysis parameter. Figure 9 shows the charge density profile obtained for different concentrations of KOH in order to detect possible modifications in this profile with increasing electrolyte concentration. It should be noted that at concentrations where only one peak was obtained, the charge density was calculated by half peak integral to ensure that only the charge of nucleation, coalescence and film growth was being calculated. For electrolyte concentrations where three peaks were obtained the charge density was calculated using the corresponding area up to the second current density peak.
Based on these results it was possible to note that the charge density increases to higher electrolyte concentrations for all samples. However, it was noted decrease in charge density for samples 1, 2 and 3. And for lower electrolyte concentrations, such as 0.3 and 0.5 mol/L, the charge density decrease for samples 7 and 8 (30 and 60 min). This behavior was not observed at higher electrolyte concentrations, where the increase in charge density occurs for these samples.
The decrease in charge density for samples 1 and 2 has already been discussed previously and refers to the rebalancing between the ferrite and austenite fractions in DSSs structure. 25 This behavior difference can be observed by the charge density profiles for the concentration of 0.3 and 2 mol /L alone as shown in Figure 9 b ) and c). In this way, it was possible to consider that by employing higher concentrations such as 3 mol/L it could be detected very low deleterious phase contents (less than 1%) by means of charge density parameter, as is the case of sample 4 (0.9% of sigma phase).
Scan rate effect on the charge density profile
Scan rate effect on the charge density profile is shown in Figure 10 where the charge density values tend to increase with decreasing in scan rate and the decrease in charge density for samples 1, 2 is noted. However, for some conditions, the increase in charge density for sample 3 occurred. The behavior difference for the charge density profile between the scan rate range analyzed, 10mV/s to 1mV/s is shown in Figure 10b ) and c).
As shown the Figures 10 b) and c) it is possible to note that slower scan rates provide a better distinction between samples with lower intermetallic phase contents and it is evident that with the scanning speed of 1 mV/ s it is possible to differentiate samples with phase sigma from 0.2% (sample 3, 10 min. of heat treatment).
The Figure 11 a) shows a limiting condition that was obtained for the concentration of 3 mol/L and 1mV/s, in which it is possible to notice that there is an expressive increase in charge density of sample 2 for sample 3 (0 to 0,2% of intermetallic phases σ and ϗ). However, from this sample occurs the formation of a plateau where the charge density remains constant. Figure 11 b) shows that the charge density does not follow the increase in peak current density.
The charge density as a function of the deleterious phase content obtained by quantitative metallography is shown in Figure 12 , where it is possible to observe an increase with the increase of the deleterious phase content in Figure 12 a) and the distinction between samples with contents lower 
Conclusions
The LSV technique, applied with appropriated selective electrolytes and conditions (scan rate and electrolyte concentration), presents high sensitivity to the presence of intermetallic phases in DSSs structure and could be considered for NDT.
The sensitivity of the technique is mainly due to the choice of the electrolyte selectivity and the use of the reduced electrode area (microcell-based system).
The choice of higher concentrations and lower scan rates allowed the detection of intermetallic phase contents lower than 0.9% and in some cases 0.2%.
This new testing methodology can be reproduced to other experimental systems in which the reagent employed exhibits selectivity to the deleterious phases or constituents.
